High voltage pulse has wide application fields such as chemical, physical and biological, and their combinations. High voltage pulse forms two kinds of physical processes in water, as (a) pulsed electric field in parallel electrode configuration, and (b) plasma generation by pulsed discharge in water phase with a concentrated electric field. The pulsed electric field (PEF) can be used for inactivation of bacteria in liquid foods as a non-thermal process, and the under-water plasma is applicable not only to decomposition of organic materials in water but also biological treatment of wastewater. These discharge states are controlled mainly by applied pulse voltage and electrode shape. Some examples for environmental and biotechnological applications of a high-voltage pulse are reviewed.
Introduction
Recently, advanced oxidation processes (AOPs) using under water plasma have been widely investigated by many researchers. Using point-to-plane electrode system, plasma is produced due to the electrical breakdown of water (streamer discharge), when the pulsed electric field concentrates to the needle tip [1] . Many kinds of active species were detected from the streamer discharge by emission spectrum [2 -4] . The active species decompose small amount of organic materials such as phenol in water into carbon dioxide and water through intermediate materials [5] . Trials for decoloration of dye solution using similar plasma reactors have been reported [6 -8] . Formation mechanism of the streamer was considered that the initial discharge could start in a small bubble on the electrode surface, and then could propagate into water phase. Introducing gas bubbles into the plasma region could decrease discharge voltage and increase energy efficiency [9] . To raise energy efficiency some kinds of reactor designs were tried, as (a) gas bubbling through metal tube electrode, (b) gas bubbling through porous ceramic plate [10] , (c) discharge through pinhole [10, 11] , (d) wetted-wall reactor to increase reaction surface area [13 -15] , and so on. Although energy efficiency is getting better, optimum reactor design and optimum operating conditions are still not clear.
Electrical breakdown or disruption of a biological cell by pulsed electric field is well understood to occur by electromechanical compression of the cell membrane, which results in the formation of transmembrane pores [16] . If the total area of the induced pores is small in the case of low PEF, the pores are able to close (reversible disruption). If the PEF exceeds a critical value, the membrane is no longer able to repair these perturbations (irreversible disruption), and that results in inactivation. We have investigated the effective sterilization by using PEF-induced irreversible disruption of biological membranes [17] . The treatment temperature, growth temperature, and the shape of the treatment chamber were found to have a great effect on PEF sterilization [18, 19] . We have also verified that this PEF-induced reversible disruption could be utilized for the selective release of intracellular proteins from a certain gene-engineered Escherichia coli. The secretion of periplasmic protein from E. coli was achieved during cultivation [20, 21] . In addition to the cell inactivation, some interesting phenomena have been found for biological materials such as nucleic acids or proteins. Chromosomal DNA and RNA molecules were decomposed, and activation and inactivation of enzymes would be possible by PEF treatment. 
Pulsed discharge in water and its applications

Under water plasma by pulsed discharge
Using electrical discharges under water in point-to-plane electrode geometry, emission spectrum from H, OH, O radicals were detected as shown in Fig. 1 . Ozone was produced when air or oxygen was bubbled through a hollow electrode needle immersed in the water. The hydrogen peroxide was also produced by a recombination of OH radicals by under water pulsed discharge [22] . Decoloration of organic dye solution and decomposition of organic compounds in water were possible by the discharge.
Pulsed discharge with bubbling
Increasing the gas bubbling flow rate through the hypodermic needle electrode, radical emission intensities from the discharge were increased. With argon bubbling, the OH and O radical emission intensities were much higher than with oxygen at the same flow rate. On the other hand, decomposition efficiency of phenol by under water discharge with oxygen gas bubbling was higher than the argon and no bubbling case, as shown in Fig. 2 . This result indicates that, in the case of oxygen gas bubbling, there could be other active species involved with the phenol reaction in addition to the OH, O and H radicals. Most likely, ozone, or superoxide (O 2¯) and singlet oxygen ( 1 O 2 ), participated in the chemical reactions.
Simultaneous generation of plasma in gas and liquid media
Pulsed discharge plasma was generated in the gas phase, and the produced plasma was permeated into the water phase through the pinhole. Water (upper) and gas (lower) were separated by insulating plate with a pinhole, through which gas was bubbled into the water phase. In the gas phase, the high voltage pulse was applied between the needle electrode and the ground electrode (immersed in the water phase). The pulsed discharge plasma was generated in the gas phase, simultaneously, the plasma channel was permeated into the water phase accompanying by the gas bubbles. The water phase plasma produced a lot of active species, UV light, and high-energy electrons. With applying pulsed voltage of 20 kV and frequency of 25 Hz with 500 mL/min oxygen bubbling, the aqueous Chicago sky blue solution with 10 ppm initial concentration was decolored about 95 % in 10 min treatment. The decoloration rate increased with increasing electrical conductivity of the solution. Decoloration rate became higher with increasing the applied voltage, because the discharge intensity was getting strong with the voltage higher. However, energy efficiency for decoloration in each applied voltage (plots of decoration rate versus pulse energy) fell on almost the same line, as shown in Fig. 3 .
Pulsed electric field (PEF) sterilization 3.1. Concentrated electric field sterilizer
The plate-plate electrode system has been used for PEF sterilization by many researchers, but there was a limit of energy efficiency to sterilize bacteria, because a part of the pulse energy was consumed ineffectively to raise liquid temperature. The inactivation rate was greatly improved by plastic film insulation of the electrode, where perforated polyethylene film was pasted on the plate electrode surface. This was because the electric field was concentrated on each pinhole on the electrode surface, making it possible to raise the energy efficiency of inactivation [23] . Fig. 4 shows the comparison of energy efficiency among five kinds of electrode systems, i.e., plate-plate, insulated plate-plate, nee- dle-plate, ring-cylinder, and coiled wire-cylinder types with a high-conductivity liquid (2.5 mS/cm). The coiled wire system was more effective than the others, which was about four orders of magnitude higher than the plate-plate system in the survival ratio reduction.
Temperature effect of PEF sterilization
The lethal effect is related to the temperature of the medium in which the bacteria are suspended. Fig.  5 shows the survival ratio of S. cerevisiae with (B) and without (A) PEF sterilization (16 kV/cm of PEF) at various temperatures. The sterilization efficiency increased with increasing temperature. Heat sterilization of S. cerevisiae was not observed below 45°C without PEF treatment (A). Thus, the temperature effect on sterilization below 45°C could signify the temperature dependence of the PEF treatment. Sterilization above 50°C, however, occurs via the synergistic effect of both PEF and heat. In addition to PEF treatment temperature, cultivation temperature also affected on the efficiency of PEF inactivation of E. coli, mainly due to the structural change of biological membrane.
Selective release of proteins
The relationship between cell sterilization and protein release are shown in Fig 6. While the amount of protein increased with the electric field strength, there was a region in which the increase of protein concentration was higher than the decrease of survival cell concentration (below 6 kV/cm). Because reversible pores seemed to form in the cell membrane in this region, the control of PEF strength could cause the release of the intracellular protein while the cell was still alive. E. coli has an outer membrane in addition to its cytoplasmic membrane. The release of cytoplasmic protein, therefore, is possible only when both the outer and cytoplasmic membrane is disrupted. PEF was found to disrupt only the outer membrane, enabling the release of periplasmic enzymes selectively. 
